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Abstract  
Aim: Retinal anatomical studies have used the Drasdo & Fowler three-refracting surface 
schematic eye to convert between retinal distances and object field angles. We compared its 
performance at this task with those of more sophisticated four-refracting surface schematic 
eyes.  
Method: Raytracing was performed for Drasdo & Fowler, Lotmar, Navarro, Liou & Brennan, 
Kooijman and Atchison schematic eyes, and some of their variants. 
Results: The Drasdo & Fowler eye gives a greater rate of change of object field angle with 
retinal distance at the retinal centre of about 5% than the other schematic eyes.  This rate of 
change also increases much more quickly into the peripheral retina for the Drasdo & Fowler 
eye than for the other eyes. The reason for these differences is only that the Drasdo & Fowler 
eye is shorter than the other eyes. The relationship between retinal distance and visual field 
angle appears robust to changes in retinal radius of curvature when the retina is spherical. The 
retinal asphericity of Kooijman and Atchison eyes appears to play a role beyond 14 mm 
(~50°).  
Conclusion: Changing the length of the Drasdo & Fowler eye, to match those of the four-
refracting surface schematic eyes, gives similar relationships between retinal distance and 
object field angle up to a retinal distance of approximately 14 mm (~50°). The relationship 
will change with refractive error as this is related to axial length and to retinal shape, and this 
should be taken into consideration for accurate conversions. For distances and angles beyond 
14 mm and ~50°, retinal shape should be taken into account. 
 
Keywords: retinal anatomy, retinal distance; retinal projection; schematic eyes;  
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Introduction 
Studies of the in-vitro retina have converted distances along the retina to object field angles 
on the basis of finite schematic eyes. One of the earliest of such eyes was that of Drasdo & 
Fowler.1 Curcio used the Drasdo & Fowler eye in an important series of in-vitro microscopy 
studies.2-5 Despite several more recent finite eyes being available, this eye continues to be 
used for conversions between distances and angles, for example for retinal cell sizes and 
spaces in in-vivo studies6, 7 and for artificial retinal arrays8. The Drasdo & Fowler eye has 
important differences from other well-known finite schematic eyes.9-14 Firstly, it is a three-
surface refracting model, lacking a posterior cornea. Secondly, it is 0.3 mm to 1.1 mm shorter 
than the other eyes. Thirdly, its retinal radius of curvature of 11.06 mm is smaller than the 12 
mm adopted for most other eyes. It is possible that one or more of these differences might 
produce considerable variations in the relationship between retinal distance and object field 
angle. Accordingly, we compared the performance of the Drasdo & Fowler eye at this task 
with those of other finite schematic eyes.  
 
Finite schematic eyes 
A distinction should be made between paraxial and finite schematic eyes. The optical 
properties of the former are accurate only for small pupils and small object field angles. The 
latter are usually variations of the former, including features such as aspheric surfaces and 
curved retinas to better predict optical properties of aberrations, image quality, retinal 
illuminance and retina projection. The parameters of the schematic eyes used here were given 
by Atchison & Smith15, although it should be pointed out that the corneal thicknesses were 
incorrectly given as 0.50 mm and 0.55 mm for the Kooijman10 and Liou & Brennan11 eyes, 
respectively: the correct parameters are 0.55 and 0.50 mm. The vitreous length of the latter 
was given as 16.239 mm whereas a strict paraxial value for an emmetropic eye is 16.27 mm 
as given by Liou & Brennan.  
 
The Drasdo & Fowler eye1 (Figure 1) is based on the paraxial three refracting-surface 
Gullstrand-Emsley eye15 but has a cornea of conicoidal asphericity Q = –0.25 and a spherical 
retina of radius of curvature –11.06 mm.  
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The Lotmar schematic eye12 is a modification of the Le Grand paraxial schematic eye17. The 
equation for the anterior cornea was converted to an equivalent figured conicoid by Atchison 
& Smith15, the posterior lens surface is a paraboloid (Q = –1.0), and retinal radius of 
curvature R is –12.3 mm. 
 
The Kooijman eye10 is also a modification of the Le Grand eye with conicoidal surfaces for 
both surfaces of the cornea and of the lens. Two retinal surfaces were provided, variant 1 with 
R –10.8 mm and variant 2 with a vertex radius of curvature Rv = –14.1 mm and conicoidal 
asphericity Q = +0.346.  
 
The Navarro eye9, 13 is based on the Le Grand eye. It has the corneal and lenticular conicoidal 
asphericities of the Kooijman eye and has R = –12.0 mm. Refractive indices change with 
wavelength and many parameters change with accommodation, but are not considered here. 
 
The Liou & Brennan eye11 includes aspheric cornea and lenticular surfaces and a gradient 
index lens. The aperture stop is slightly displaced and the line of sight is displaced 5° to the 
side of the optical axis, features which are ignored in the treatment given here. No retinal 
shape specification was given, but  R = –12 mm has been used to consider off-axis 
performance15. 
 
The Atchison set of eyes14 is based on the Navarro and Liou & Brennan eyes. It has aspheric 
surfaces and a gradient index lens. Some parameters vary with myopic refraction: anterior 
corneal radius of curvature, vitreous length, and the vertex radius of curvature and asphericity 
of the retina. The retina parameters were based on Magnetic Resonance Imaging.18 The lens 
and retina are tilted, but this has not been used here. The retina is biconic, but because this 
has little effect on results the values of the vertical meridian have been used here: Rv = –12.91 
– 0.094SR and Q = +0.27 + 0.0236SR, where SR is spectacle refraction. Emmetropia and 5 D 
myopia versions (SR = –5 D) are considered here. 
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Method 
To determine the relationship between retinal distance and object field angle for each 
schematic eye, raytracing was performed using the Zemax OpticStudio program version 14.2 
(Zemax LLC, Kirkland, WA, USA, www.zemax.com). The object was at infinity, and chief 
rays were traced from a range of horizontal field object positions to the retina (Figure 1). 
Height and sagittal retinal co-ordinates (x, z) of a ray at the retina for a conicoidal surface 
were converted to retinal distance (or arc length) l from the retinal centre using 
݈ ൌ න ඨ1 ൅ ൬݀ݖ݀ݔ൰
ଶ௬
଴
݀ݔ 
For a conicoid, x and z are related by  
ݖ ൌ ݔ
ଶ
ܴ ൅ ඥܴଶ െ ሺ1 ൅ ܳሻݔଶ 
(2) 
where R is vertex radius of curvature and Q is surface asphericity. From eq. (2), the 
derivation ௗ௭ௗ௫ is 
݀ݖ
݀ݔ ൌ 	
2ݔ
ܴ ൅ ඥܴଶ െ ሺ1 ൅ ܳሻݔଶ ൅
ሺ1 ൅ ܳሻݔଷ
ඥܴଶ െ ሺ1 ൅ ܳሻݔଶሺܴ ൅ ඥܴଶ െ ሺ1 ൅ ܳሻݔଶሻଶ 
(3) 
 
Using the right hand expression for ௗ௭ௗ௫ in eq. (3), and after some manipulation of eq. (1) using 
Mathematica (Wolfram Research, Champaign, Illinois, USA, 
www.wolfram.com/mathematica), the arc length is given by 
݈ ൌ
ܧ ቆsinିଵ ቈට1 ൅ ܴܳଶ ݔ቉ ቤ
ܳ
1 ൅ ܳቇ
ට1 ൅ ܴܳଶ
 
           (4) 
where ܧሺ߶|݉ሻ is the elliptic integral of the second kind, and is given for െగଶ ൏ ߶ ൏
గ
ଶ by: 
ܧሺ߶|݉ሻ ൌ න ሾ1 െ ݉ sinଶሺߠሻሿଵ/ଶ	݀ߠ
థ
଴
ൌ න ሺ1 െ ݐଶሻିଵ/ଶሺ1 െ ݉ݐଶሻଵ/ଶ
ୱ୧୬ሺథሻ
଴
݀ݐ 
For a spherical surface with Q = 0, equation (4) reduces to the familiar 
݈ ൌ ܴ sinିଵሺݔ/ܴሻ 
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Note that the above equations apply also to the vertical meridian, with x being replaced by y.  
 
Results 
Table 1 lists schematic eyes, including the two variants of the Kooijman eye’s retina and 
some alterations to vitreous length or retinal shape that were made to the Drasdo & Fowler 
and Kooijman eyes. The axial lengths of the eyes are given in the third column. 
 
Figure 2 shows object field angle to 90° as a function of retinal distance for three of the 
schematic eyes; for clarity the Lotmar, Liou & Brennan, and Atchison emmetropic eyes are 
omitted as they behave similarly to the Navarro eye on the scale of the figure. Table 1 shows 
cubic fits for the eyes in which the fits have been forced to go through the origin. These 
equations are accurate to the equator (R2 > 0.999), corresponding approximately to 65° object 
field angle. The Drasdo & Fowler eye changes more quickly in angle, as retinal distance 
increases, than the other schematic eyes. The other eyes perform similarly to large distances.  
 
Figure 3 shows the rate of change of object field angle with retinal distance as a function of 
retinal distance. The Drasdo & Fowler eye has a greater rate than the others near zero 
distance (3.62°/m v. ~3.45°/m) and the rate for the former increases more rapidly into the 
periphery than for the others. The Navarro, Lotmar and Liou & Brennan eyes perform 
similarly, but the Kooijman eye (particularly its aspheric retinal variant) and the Atchison 
emmetropic eye lag behind the other eyes beyond about 14 mm (~50°). 
 
Figures 4 and 5 are similar to Figures 2 and 3, but show variations of some of the schematic 
eyes with the Navarro eye as a comparison. The Drasdo & Fowler, Kooijman and Atchison et 
al. eyes have considerably different retina shapes than the other schematic eyes and the 
former eye is considerably shorter than the other eyes. Changing the radius of curvature for 
the Drasdo & Fowler eye from –11.06 mm to –12 mm to match the Navarro eye has little 
effect on performance. However, changing the Kooijman eye to have a spherical retina with 
radius of curvature of –12 mm alters its results to closely match the Navarro eye (and hence 
Lotmar and Liou & Brennan eyes). The relationship between retinal distance and object field 
angle is robust to changes in radius of curvature for spherical retinas. For example, for the 
Navarro eye there is little variation in the relationship for radii of curvature between –11 and 
–15 mm (not shown) and the radius of curvature has to be altered to about –10.5 mm to show 
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a considerable effect. For the Atchison eye, replacing its aspheric retina by a spherical retina 
with a –12 mm radius of curvature shows slightly steeper results than for the Navarro eye. 
 
Increasing the length of the Drasdo & Fowler eye by 1 mm to match those of the other eyes 
more closely also gives similar results as for the Navarro eye (Figures 4 and 5). 
 
Figures 6 and 7 show the importance of including known information about axial length 
when relating retinal distance with field angle. The 1.5 mm increase in length of the Atchison 
eye from emmetropia to myopia reduces the rate of change of object angle with retinal 
distance, from 3.52°/mm to 3.27°/mm at the centre of the visual field. Note that the changes 
in vitreous length and retinal shape, between emmetropia and 5 D myopia, have little effect 
on the plot shapes in Figure 7. 
 
Discussion 
The Drasdo & Fowler three-refracting surface schematic eye has been used in important 
anatomical studies to convert from sizes of retinal cells to object field angles. The findings 
here indicate that it gives a greater rate of change of object field angle with retinal distance at 
the retinal centre of about 5% than four-refracting surface schematic eyes (Lotmar, 
Kooijman, Navarro, Liou & Brennan and Atchison). This rate of change increases much more 
quickly into the peripheral retina for the Drasdo & Fowler eye than for the other eyes. The 
reason for these differences is only that the Drasdo & Fowler eye is shorter than the other 
eyes. The relationship between retinal distance and visual field angle appear robust to 
changes in retinal radius of curvature where the retina is spherical. Retinal asphericity of the 
Kooijman and Atchison eyes appears to play a role beyond 14 mm (about 50°).  
 
Thus, up to a retinal distance of approximately 14 mm (~50°), the Drasdo & Fowler eye is as 
suitable as the other model eyes, with appropriate selection of length, for investigating the 
relationship between retinal distance and visual field angle in a radial direction from the 
central retina. It is particularly important to take into account the large changes in axial length 
accompanying refractive errors. At distances and angles beyond 14 mm and ~50°, the retinal 
shape becomes critical and more attention should be given to this such as in the Atchison 
series of model eyes. 
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It should be appreciated that there is a large variation in eye parameters, and the evaluation 
here is for somewhat nominal eyes. Despite the surfaces of the model eyes having different 
asphericities and one model eye having a gradient index lens, most of the differences in the 
relationship between object angle and retinal distance can be explained by variations in eye 
length and, for large angles, retinal asphericity. Effects of tilts and decentrations of surfaces 
have not been considered. We cannot be confident that these eyes are accurate at large angles 
as there is no experimental data with which the modelling can be compared. Clearly the lens 
surfaces do not meet at the equator at sharp angles as is the case for all the models used in 
this study (e.g. see Figure 1); for large angles the rounding of surfaces to meet smoothly at 
the equator, as given in some lens models19, 20 should be considered, although the equator 
appears to be well outside the cone of light acceptance.  
 
One further matter to be considered is the relationship between increments of retinal distance 
and object field in directions that are not radial directed from the retinal centre, such as the 
projection from a square angle in the object field to an area on the retina. Drasdo & Fowler 
presented an equation for the retinal tangential dimension T, orthogonal to the radial 
dimension, corresponding to an object field angle of 1°: 
ܶ ൌ 11.06	sin	ሺ5.181݈ሻ
ቀ180ߨ ቁ sinߠ
 
           (5) 
where  is the object field angle. In the original paper d was used instead of l and 57.3 was 
used instead of 180/. Our raytracing shows that this equation grossly overestimates the 
retinal tangential dimension at large angles (Figure 8). Curcio et al.5 used Drasdo & Fowler’s 
equation to give the magnification from object angular area to retinal area as 0.0795 
mm2/deg2 at the centre of the visual field and 0.0379 mm2/deg2 at 80° object field angle. Our 
determination using the Drasdo & Fowler eye is that the magnification is 0.076 mm2/deg2 at 
the centre of the visual field and only 0.0059 mm2/deg2 at 80° object field angle. 
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Figure Captions 
Figure 1. Horizontal section of the Drasdo & Fowler eye, as if looking downwards on a right 
eye. If account is taken of the fovea being off-axis, a ‒5° chief ray corresponds to the fovea 
and is hence the line-of-sight. In this case, the open circle indicates the optic nerve location 
and the arrows indicate the approximate limits of the sensory retina, corresponding to 
approximately 100° and 60° in the temporal and nasal visual fields relative to the line of 
sight, respectively.16 
 
Figure 2. Object field angle as a function of retinal distance, for the Drasdo & Fowler, 
Navarro, and Kooijman schematic eyes. 
 
Figure 3. Rate of change of object angle with retinal distance as a function of retinal distance, 
for a range of schematic eyes. 
 
Figure 4. Object field angle as a function of retinal distance, for the Navarro eye and altered 
forms of the Drasdo & Fowler, Kooijman, Navarro, and Atchison eyes.  
 
Figure 5. Rate of change of object angle with retinal distance as a function of retinal distance, 
for the Navarro eye and altered forms of the Drasdo & Fowler, Kooijman, Navarro and 
Atchison eyes.   
 
Figure 6. Object field angle as a function of retinal distance, for the Navarro eye and 
emmetropic and 5 D myopia variants of the Atchison eye. 
 
Figure 7. Rate of change of object angle with retinal distance, as a function of retinal 
distance, for the Navarro eye and emmetropic and 5D myopia variants of the Atchison eye. 
 
Figure 8. Magnification of the object field onto the retina for the Drasdo & Fowler eye: radial 
magnification, tangential magnification, and tangential magnification given by Drasdo & 
Fowler1 (equation (5)). 
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Table 1. Schematic eyes used in this study 1 
   2 
Schematic eye Retinal variant or alteration  Axial length 
(mm) 
Object field angle  (degrees) as a 
function of retinal distance l (mm)a 
Drasdo & Fowler (1974)  23.15 +0.0013305l3 – 0.009991l2 + 3.6557l 
Drasdo & Fowler  (1974) R –12 mm 23.15 +0.0014215l3 – 0.01001l2 + 3.6556l
Drasdo & Fowler  (1974) increase vitreous length by 1mm 24.15 +0.0010108l3 – 0.008425l2 + 3.4743l
Navarro (1985, 1999)  24.00 +0.0011057l3 – 0.008833l2 + 3.4931l
Liou & Brennan (1997)  23.95 +0.0011412l3 – 0.007942l2 + 3.4853l
Lotmar (1971)  24.20 +0.0012479l3 – 0.011006l2 + 3.4741l
Kooijman (1983) R –10.8 mm 24.20 +0.00078623 – 0.0069603l2 + 3.4599l
Kooijman  (1983) aspheric retina (see text) 24.20 +0.0003078l3 + 0.0037163l2 + 3.4210l
Kooijman (1983) R –12 mm 24.20 +0.0010509l3 – 0.0084326l2 + 3.4647l
Atchison (2005) emmetropia  23.58 +0.0004316l3 + 0.0031284l2  + 3.5139l 
Atchison (2005) emmetropia R –12 mm 23.58 +0.0011832l3 – 0.0080619l2 + 3.5523l 
Atchison (2005) 5 D myopia  25.08 +0.0003629l3 + 0.0015350l2  + 3.2630l 
aEquations are accurate to within 0.1° out to  = 65° (approximately at the equator) 3 
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